ABSTRACT: The volatiles isolated by distillation-extraction from 48 samples of seven liverwort Radula species collected on Azores and Madeira archipelagos and mainland Portugal, as well as one from Switzerland, were analysed by GC and GC-MS. Cluster analysis of the volatiles composition resulted in two major clusters. The chemically very diverse cluster I included the oil samples of Radula aquilegia from Madeira, R. jonesii, R. holtii, R. nudicaulis, R. lindenbergiana as well as R. complanata from Switzerland. Cluster II was characterized by high relative amounts of several sesquiterpenes and included the oil samples of R. aquilegia from the Azores as well as R. carringtonii and R. wichurae. 3-Methoxy bibenzyl was the major oil component from R. complanata and R. lindenbergiana. Except for R. aquilegia and the closely related species R. complanata and R. lindenbergiana, the cluster analysis allows distinction of all studied species, indicating the chemotaxonomical value of the volatile oil characters.
Introduction
Radula, the only genus of the family Radulaceae (order Radulales, Marchantiophyta) comprises ca. 150-200 species. [1] Its distribution is mainly tropical, extending to subtropical and temperate areas. In Europe, the highest diversity occurs in Atlantic Europe and the Macaronesian archipelagos. Eight Radula species are known to occur in Portugal. Of these, three are referred for the mainland [R. complanata, R. holtii and R. lindenbergiana (= R. lindbergiana [2] )], seven for Madeira (R. aquilegia, R. carringtonii, R. holtii, R. lindenbergiana, R. nudicaulis and two Macaronesian endemics, R. jonesii and R. wichurae [3] ), and six for the Azores (R. aquilegia, R. carringtonii, R. holtii, R. lindenbergiana, R. nudicaulis and one Macaronesian endemic, R. wichurae [4] ). The aqueous and organic solvent extracts of about 20 Radula species have been evaluated so far (Table 1) . Radula species are known to produce fl avonoids, [5, 6] several linear and cyclic prenyl bibenzyls, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] cyclopropanochroman derivatives, [17] sesquiterpenoids [8, 9] and clerodane diterpenoids. [15, 16] Based on these studies, detailed on Table 1 , Radula is chemically characterized by the presence of particular fl avone glycosides, [5] prenylated bibenzyls and very low levels or an almost total lack of terpenoids. [10, [18] [19] [20] [21] [22] To the best of our knowledge, only two studies have addressed the volatile fraction, obtained by either hydrodistillation or distillation-extraction, of Radula species. Suire [23] extracted the essential oil from R. complanata from France (2% w/f.w.) and identifi ed a-pinene, b-pinene, camphene, six sesquiterpenes (of which b-caryophyllene was identifi ed), and 3-methoxybibenzyl. Tesso et al. [24] isolated the essential oil of Radula perrottetii from Japan and identifi ed several mono-, sesqui-and diterpenes and aromatic compounds. No comparative study of the volatiles of Radula species from a certain geographic area and evaluation of their chemotaxonomical value has been performed hitherto.
As part of a chemotaxonomical survey on the genus Radula in Portugal, we hereby report the comparison of the volatiles isolated from seven of the eight Portuguese Radula species: 
Materials and Methods

Plant Material
Radula samples collected on the Azores and Madeira archipelagos, mainland Portugal and Switzerland are listed in Table 2 . Voucher specimens (Table 2 ) have been deposited in the Herbarium of the Botanical Garden of Lisbon (LISU) and in the Herbarium of the Madeira Botanical Garden (MADJ).
Volatiles Extraction
The volatiles were isolated by distillation-extraction for 3 h, using a Likens-Nickerson-type apparatus, [25] with distilled npentane (50 ml) as organic solvent. The isolation procedure was run at a distillation rate of 3 ml/min. The oil recovered in pentane was concentrated at room temperature under reduced pressure on a rotary evaporator and collected in a vial and concentrated to a minimum volume, again at room temperature, under nitrogen fl ux. The volatiles were stored at −20°C in the dark until analysis.
Gas Chromatography
Gas chromatographic analyses were performed using a PerkinElmer (Shelton, CT, USA) Autosystem XL gas chromatograph equipped with two fl ame ionization detectors (FIDs), a datahandling system and a vapourizing injector port into which two columns of diff erent polarities were installed: a DB-1 fused-silica column (30 m × 0.25 mm i.d., fi lm thickness 0.25 mm; J&W Scientifi c Inc., Rancho Cordova, CA, USA) and a DB-17HT fusedsilica column (30 m × 0.25 mm i.d., fi lm thickness 0.15 mm; J&W Scientifi c Inc.). Oven temperature was programmed to rise from 45°C to 175°C at 3°C/min, subsequently at 15°C/min to 300°C, and then held isothermal for 10 min; injector and detector temperatures, 280°C and 300°C, respectively; carrier gas, hydrogen, adjusted to a linear velocity of 30 cm/s. The samples were injected using a split sampling technique, ratio 1 : 50. The volume of injection was 0.1 ml of a pentane-oil solution. The percentage composition of the oils was computed by the normalization method from the GC peak areas, calculated as mean values of two injections from each oil, without using correction factors.
Gas Chromatography-Mass Spectrometry
The GC-MS unit consisted of a Perkin-Elmer Autosystem XL gas chromatograph, equipped with DB-1 fused-silica column (30 m × 0.25 mm i.d., fi lm thickness 0.25mm; J&W Scientifi c), and interfaced with a Perkin-Elmer Turbomass mass spectrometer (software version 4.1; Perkin-Elmer). Injector and oven temperatures were as above; transfer line temperature, 280°C; ion trap temperature, 220°C; carrier gas, helium, adjusted to a linear velocity of 30 cm/s; split ratio, 1 : 40; ionization energy, 70 eV; ionization current, 60 mA; scan range, 40-300 u; scan time, 1 s. The identity of the components was assigned by comparison of their retention indices, relative to C 8 -C 24 n-alkane indices and GC-MS spectra from a laboratory-made library, constructed based on the analyses of reference oils, laboratory-synthesized components and commercially available standards. In addition, some sesquiterpenes could be identifi ed by comparison with those of authentic samples present in reference oils of Petasites hybridus (plant material provided by W. Frey, Berlin, Germany) and Tritomaria polita (plant material provided by L. Hedenäs, Stockholm, Sweden).
Statistical Analysis
The percentage composition of the isolated essential oils was used to determine the relationship between the diff erent samples by cluster analysis, using the Numerical Taxonomy Multivariate Analysis System (NTSYS-pc software, version 2.2, Exeter Software, Setauket, NY, USA). [26] For cluster analysis, a correlation coeffi cient was selected as a measure of similarity among all accessions, and the unweighted pair group method with arithmetical averages The minimum and maximum values represent the lowest and highest percentage, respectively, of each component as found for each species. For samples studied from each species, see Table 2 RI, retention index relative to C 8 -C 24 n-alkanes on the DB-1 column; t, trace (<0.05%); UI, unidentifi ed compounds.
* Identifi cation based on mass spectra only. Figure 1 . Dendrogram obtained by cluster analysis of the percentage composition of the volatiles isolated from the Radula species studied, based on correlation and using the unweighted pair-group method with arithmetic average (UPGMA). For abbreviations, see Table 2 (UPGMA) was used for cluster defi nition. The degree of correlation was evaluated according to Pestana and Gageiro [27] and classifi ed as very high (0.9-1.0), high (0.7-0.89), moderate (0.4-0.69), low (0.2-0.39) and very low (<0.2).
Results and Discussion
All studied Radula samples aff orded light yellow oils. The identifi ed oil components are listed in Table 3 in order of their elution on the DB-1 column. Due to the limited amounts of fresh material available, some components could not yet be identifi ed, although their presence was detected in the volatile oils isolated from several of the studied Radula species. These unidentifi ed compounds are marked 'UI' in Table 3 .
A major grouping of the studied samples into two main clusters could be observed based on the volatiles composition, which was confi rmed by cluster analysis (Figure 1, cluster I) , which was in itself chemically very diverse (Figure 2) , was formed by 22 of the 48 oil samples studied, including the oil samples of R. aquilegia from Madeira, R. jonesii, R. holtii, R. nudicaulis, R. lindenbergiana as well as the Swiss R. complanata used for comparison (Figure 1) . The oil samples of R. complanata showed a high chemical correlation with those of the Portuguese R. lindenbergiana, due to the high amounts of 3-methoxy bibenzyl that occurred in both species. Cluster II was composed of 26 oil samples, comprising R. aquilegia from the Azores as well as R. carringtonii and R. wichurae (Figure 1 ). All oil samples of cluster II showed high relative amounts of several sesquiterpenes (cf. Table 3, Figure 2) . Except for R. aquilegia and the distinction between R. complanata and R. lindenbergiana, the cluster analysis allows distinction of all the species studied (Figure 1) , indicating the Chemical structures of the compounds identifi ed in a relative amount of ≥ 5%, in the volatiles isolated from the Radula species studied chemotaxonomical value of the essential oil characters. The volatile analyses of Radula species may thus constitute a helpful tool for Radula species identifi cation and characterization. Further geographic diff erentiation based on intraspecifi c chemical variability is indicated in R. holtii (Madeira vs. mainland Portugal), whereas in R. carringtonii, R. wichurae and R. lindenbergiana no geographic diff erentiation of the analysed samples is possible. Noteworthy is the major chemical heterogeneity of R. aquilegia oils from samples collected on Madeira and the Azores, which resulted in two separate subclusters of this species within cluster I (Madeiran samples) and cluster II (Azorean samples), respectively ( Figure 1 ). These patterns may indicate that the morphological species R. aquilegia comprises diff erent taxa that may have originated from independent evolution on both archipelagos. Detailed morphological and molecular phylogenetic analyses of non-coding DNA markers are in progress to evaluate the present chemotaxonomical results. Based on the aqueous and organic solvent extract studies performed so far (Table 1) , Radula is a genus chemically categorized by the presence of particular fl avone glycosides, prenylated bibenzyls and the almost total lack of terpenoids. In the present study and by volatiles analysis, the presence of bibenzyl compounds was frequent in the volatiles isolated from some Portuguese Radula species, such as in R. complanata and R. lindenbergiana (Table 3) , whereas other species showed high relative amounts of sesquiterpenes, such as R. aquilegia, R. carringtonii, R. nudicaulis and R. wichurae. In contrast to earlier analyses based on organic solvent extracts, the present study thus shows that the genus Radula is not particularly poor in terpenes.
